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Abstract 
The Microtox® test was used to quantify the impact of holding time on toxicity of compounds formed in the 
electrochemical treatment of phenol.  Phenol was treated in the presence of a sodium chloride (NaCl) or sodium 
sulfate (Na2SO4) electrolyte using either a boron-doped diamond anode/stainless steel cathode, or graphite anode/SS 
cathode.  The intermediates from both oxidative and chlorine-substitution pathways were measured concurrently 
using HPLC immediately after the application of constant current was stopped and at time intervals up to 18 days.   
The toxicity of the samples were measured using the Microtox® basic test protocol at each of these time points as 
well.  Chlorine-substitution pathway effluents, consisting mainly of chlorinated phenols, exhibited little toxicity 
change over the 18 day storage period considered in the study.  Oxidative pathway effluents, however, consisting of 
quinone products, most notably the highly toxic benzoquinone, exhibited significant toxicity loss over the time period 
of the study.  Over a period of 18 days, a 0.092 mM solution of benzoquinone alone lost over 92% of its initial 
toxicity.  Over a 13 day period, an electrochemical effluent from conditions conducive to the oxidative pathway and 
benzoquinone formation also lost over 96% of its initial toxicity. 
© 2013 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Beijing Institute of Technology. 
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1. Introduction 
Effluent toxicity as a function of reactor process design and control is an important consideration in 
addition to the more traditional parameters of effluent concentration and cost minimization if the process 
ronmental 
in an effluent is complex as effluent characteristics may change with time.  The study described in this 
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paper was conducted to explore this issue quantitatively for a model system using electrochemical 
oxidation to treat phenol waste.  This model system was chosen because phenol is a common industrial 
pollutant and is present in a number of consumer products, as well as in wastes from the oil refining, dye 
making, and pharmaceutical industries [1].  Several researchers have used electrochemical oxidation 
employing different types of electrode materials to treat phenol.  For example, work has been done with 
electrodes made of titanium [2, 3], platinum [4], glassy carbon [5], graphite [6], and, most recently, 
boron-doped diamond (BDD) [7, 8]. 
Researchers have shown that the electrochemical treatment of phenol occurs along two main reaction 
pathways: oxidation and chlorine substitution [3, 6, 9]. The oxidation pathway results in products such as 
hydroquinone (HQ), catechol, and benzoquinone (BQ) [3, 4, 6].  The chlorine substitution pathway results 
in monochlorophenols (2-CP and 4-CP) first followed by dichlorophenols (2,4-DCP and 2,6-DCP) 
followed by trichlorophenol (2,4,6-TCP) [10].  From a toxicity standpoint these pathways are very 
different.  Oxidative products such as BQ can be very toxic, with BQ being one of the most toxic 
xenobiotics [9].  However, oxidation products are generally considered to be easier to biodegrade than 
chlorine substitution products.  Chlorine substitution products may be toxic in addition to having low 
biodegradability and high environmental persistence [11, 12].  Toxicity is a concern when dealing with 
electrochemical effluents from treatment of phenol, as many of the intermediate and end products are 
more toxic than phenol [13]. 
The purpose of this study was to assess change in toxicity of electrochemical reactor effluents and their 
major organic components over time attributable to non-electrochemical reactions such as hydrolysis, 
photodegradation, oxidation, and polymerization.  One benefit in this analysis is that storage of an 
effluent may be a potentially cost effective way of reducing toxicity prior to discharge.  It also addresses 
the impact of timing between sample collection and toxicity measurement.  While literature exists about 
process removal of individual reaction products, little to no research has been devoted to the change in 
toxicity of a compound or effluent over time [12, 14].  
2. Experimental Section 
2.1. Chemicals and Equipment 
All chemicals used in this research were ACS reagent-grade, purchased from Fisher Scientific and 
Sigma Aldrich.  The Microtox® Model 500 Analyzer was manufactured by AZUR Environmental, and 
the Microtox® acute reagent and solutions were purchased from Strategic Diagnostics, Inc.  
Electrochemical samples were analyzed using an Agilent 1100 High Performance Liquid Chromatograph 
(HPLC) equipped with a Hypersil ODS column (Thermo Scientific) 150 mm long by 4.6 mm in diameter 
at a constant temperature of 30o C.  The mobile phase consisted of 85% water to 15% solvent mixture by 
volume at a flowrate of 0.8 mL/min.  The solvent mixture was 90:5:5 acetonitrile:methanol:acetic acid by 
volume. The limit of quantification for the HPLC method was defined as 10 times the method detection 
limit.  A paper describing more detailed information on the development of the method is in preparation. 
2.2. Measurement of Individual Compound Toxicity 
Individual compound toxicities for reported products of electrochemical treatment of phenol were 
determined as benchmarks prior to exploring the toxicity of reactor effluents and the impact of holding 
time.  A fresh separate solution for each compound was prepared from reagent grade chemicals on the 
® Manual: A 
, and the MicrotoxOmni software published by AZUR Environmental.  
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Phenol was used as a standard toxicant, and was tested each time a new vial of bacteria was reconstituted. 
The acceptable range for phenol toxicity was 13-26 mg/L, as stated in the Microtox® Manual [15].  For 
the determination of individual toxicities, the basic acute test was used with one control and four serial
dilutions. The number of dilutions or dilution ratio was adjusted to bracket the EC50 in the approximate
middle of the data range when necessary.  The reported value for individual toxicity was based on the 30-
minute EC50.  EC50 is defined as the concentration of a toxicant that elicits a 50% response from the test
organisms.  In the case of the Microtox® test, it represents the point at which the light output from a
luminescent marine bacteria Vibrio fischeri is decreased by 50%. 
A specific concentration of an individual toxicant can be expressed in toxicity units (TUA), a metric 
developed and applied by earlier researchers [16, 17].  The equation for the determination of toxicity units 
from EC50 can be seen in Equation 1.
TUA =
CA
EC50A                                                                         (1)
where TUA = the total number of toxicity units contributed to the solution by compound A.
2.3. Toxicity in Samples with Multiple Components
For effluents with multiple components and the time toxicity experiments, the toxicity is measured 
relative to a dilution ratio rather than in terms of concentration since the toxicity may be related to
multiple components at different concentrations.  This number is termed the IC50, the dilution ratio in 
percent that produces a 50% effect in the test organisms.  IC50 values may be converted to
experimentally measured toxicity units (TUmeas) using a method reported by Santos [16] and later by
Zazo[17] as shown in Equation 2. To clarify, Fig. 1 provides a visual description of IC50 and TUs.
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Fig. 1. Visual depiction of IC50 and TU.  The example on the left is more toxic than the one on the right.
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The number of toxicity units present in a sample can be predicted by summing the toxicity units of all 
compounds present in the sample as shown in Equation 3. It should be noted that calculating TUpred from 
the sum of TUs of individual compounds in a sample only provides an estimate of the actual toxicity in 
the sample.  This estimate as given in Equation 3 assumes additive toxicity, and does not account for 
antagonistic or synergistic effects.  
1 150
n n
i
pred i
i ii
CTU TU
EC                                                       (3) 
2.4. Generation of Electrochemical Reactor Effluents 
Electrochemical reactor effluent samples were produced in a bench scale reactor with a volume of 1 L 
mixed by recirculation at a rate of 15 mL/sec.  Graphite or BDD was used as the anode and stainless steel 
as the cathode.  Graphite and stainless steel electrode rods were 0.63 cm in diameter (Alfa Aesar 
10135/graphite 13474/stainless steel).  The BDD electrodes (Adamant, Switzerland) were 25x50 mm 
monopolar/mono-Si 2mm. Current density for the graphite electrodes was 6.27 mA/cm2, and 9.6 mA/cm2 
for the BDD.  The initial phenol concentration was 0.5 mM (47.1 mg/L).  Sodium sulfate (Na2SO4) or 
sodium chloride (NaCl) was used as an electrolyte.  The electrolyte was held at a constant ionic strength 
of 0.05 M, 2.92 g/L for NaCl or 2.37 g/L for Na2SO4.   
Samples were collected at 36-minute intervals and analyzed in real time using HPLC to quantify 
phenol and its intermediates.  Effluent samples for the time study experiments were collected when 
approximately half of the phenol had been removed and the intermediates were still at appreciable levels.  
For electrochemical effluents, the basic acute Microtox® test was used with one control and nine serial 
dilutions. 
2.5. Preparation of Synthetic Effluents 
Synthetic effluents were created matching the concentrations of all the compounds identified in the 
electrochemical effluent samples.  However, the synthetic effluents did not contain an electrolyte, as did 
the electrochemical effluent. Note that electrolyte levels are small compared to the adjusted salinity 
during the Microtox® test (2% NaCl by weight), an ionic strength of 0.342 M.  The NaCl electrolyte had a 
salinity and ionic strength of 0.292% by weight and 0.05 M, respectively.  The Na2SO4 electrolyte had an 
ionic strength of 0.05 M.  The synthetic binary mixtures were also created using the same concentrations 
measured in the effluent collected from the reactor for the time study.  See Table 1 for details on the 
effluent and binary mixture samples.  
2.6. Time Studies 
Samples to be tested for time varying toxicity were placed in 50mL sealed plastic centrifuge vials and 
placed in a location where they received around-the-clock irradiation from a constant output fluorescent 
light source.  The light source was two fluorescent lamps T12 shape, 1.2 meters long, 32 watts (GE model 
F40CW).  The lamps were located approximately 1.2 meters above the samples.  Each centrifuge vial was 
filled so that there was at least the same volume of airspace as the volume of sample being stored.  HPLC 
was used to quantify the individual product concentrations in the effluent and the Microtox® test was used 
to measure toxicity.  Samples were tested on Day 1 as soon as they were collected (effluents) or prepared 
(individual compounds and synthetic mixtures), and again at days 6 and 18 (individual compounds) or at 
455 Greg L. Saylor et al. /  Procedia Environmental Sciences  18 ( 2013 )  451 – 463 
days 5 and 13 (effluents and synthetic mixtures).  A water sample stored for the same time period in the 
same conditions was used as a negative control. 
 
Table 1.  List of samples to be tested for time varying toxicity (TT) and synthetic effluent toxicity comparison (Comp). *For 
electrochemical effluents, the composition shown is the composition determined by HPLC analysis.  For other samples, the 
composition shown is the lab created composition. 
Test Sample Conditions Initial Composition* - mM (mg/L) Location 
Comp Electrochemical Effluent - 01 
BDD/SS 
NaCl electrolyte 
2-CP - 0.1136 (14.601) 
4-CP - 0.0331 (4.253) 
2,6-DCP - 0.0746 (12.156) 
2,4-DCP - 0.1240 (20.208) 
2,4,6-TCP - 0.0628 (12.408) 
Table 5 
Comp Electrochemical Effluent - 02 
Graphite/SS 
Na2SO4 electrolyte 
Phenol - 0.2358 (22.195) 
BQ - 0.1503 (16.249) 
HQ - 0.0374 (4.114) 
Catechol - 0.0246 (2.704) 
Table 5 
Comp, TT Electrochemical Effluent - 03 
Graphite/SS 
Na2SO4 electrolyte 
Phenol - 0.2683 (25.25) 
BQ - 0.1263 (13.653) 
HQ - 0.0179 (1.971) 
Catechol - 0.0256 (2.818) 
Tables 4, 5 
Figure 3 
TT BQ + Catechol Prepared from reagent grade chemicals 
BQ - 0.1263 (13.653) 
Catechol - 0.0256 (2.818) Table 4 
TT BQ + Phenol Prepared from reagent grade chemicals 
BQ - 0.1263 (13.653) 
Phenol - 0.2683 (25.25) Table 4 
TT BQ + HQ Prepared from reagent grade chemicals 
BQ - 0.1263 (13.653) 
HQ - 0.0179 (1.971) Table 4 
TT BQ Prepared from reagent grade chemicals Varies (See Table 3) 
Table 3 
Figure 2 
TT Catechol Prepared from reagent grade chemicals 0.908 (100) Table 3 
TT Maleic Acid (MA) Prepared from reagent grade chemicals 0.862 (100) Table 3 
TT Phenol Prepared from reagent grade chemicals 1.06 (100) Table 3 
TT 4-CP Prepared from reagent grade chemicals 0.0311 (4) Table 3 
TT 2,4-DCP Prepared from reagent grade chemicals 0.0920 (15) Table 3 
3. Results and Discussion 
3.1. Initial Toxicity of Individual Compounds 
The fundamental and most important set of information for any toxicity study is the toxicity 
information for the individual compounds in question.  Table 2 provides experimental toxicity 
information for the individual compounds being considered in this study.  Toxicity information from 
peer-reviewed literature using the same test protocol and equipment used in this study is also reported. 
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Table 2. Individual toxicity data with literature data included. 
Compound EC50 
(mM) 
Stdev 
(mM) 
COV 
(%) 
N EC50 
(mg/L) 
Literature Range 
(mg/L) 
References 
Phenol 0.239 0.030 12.7 19 22.5 20-42.04 [18-20] 
Catechol 0.229 0.026 11.6 4 25.2 29.6-31.8 [13, 20] 
2-chlorophenol (2-CP) 0.136 0.002 1.78 2 17.5 21.3-39.73 [13, 20] 
Hydroquinone (HQ) 0.107 0.072 67.2 10 11.8 0.04-0.08 [17, 20, 21] 
2,6-dichlorophenol (2,6-
DCP) 0.062 0.003 5.15 3 10.1 9.6-30.40 [13, 20] 
2,4,6-trichlorophenol 
(2,4,6-TCP) 0.056 0.004 7.16 2 11.2 5.96-12.20 [13, 20] 
2,4-dichlorophenol (2,4-
DCP) 0.013 0.002 15.8 4 2.09 1.10-6.06 [13, 20] 
4-chlorophenol (4-CP) 0.008 0.003 42.6 4 1.01 1.07-9.10 [13, 20] 
Benzoquinone (BQ) 0.0003 0.00003 10.8 9 0.030 0.0086-0.022 [13, 20, 22] 
 
The experimentally collected toxicity data agrees well with the literature data with the exception of 
HQ.  HQ was over two orders-of-magnitude less toxic in this study compared to reported historical 
toxicity data.  HQ was tested for toxicity on ten separate occasions, using two different lots of solid HQ, 
one of which was brand new.  All samples were also tested immediately after creation using reagent grade 
water in the same way all individual toxicity samples were tested.  The nature of the discrepancy is 
unknown, but is likely due to the unstable nature of HQ, since HQ is reported to be prone to autoxidation 
[14, 23, 24].  Our studies indicate that under normal environmental conditions containing light and 
oxygen, HQ displays two orders-of-magnitude lower toxicity than previously reported.  It is important to 
note that BQ is approximately 25 times more toxic than the second most toxic compound.  This 
observation has ramifications when it occurs in combination with other compounds since it dominates the 
expression of toxicity of the overall sample. 
3.2. Toxicity Changes Over Time in Aqueous Solution 
Toxicity change over time is due to reactions that change the composition of the sample.  Sorption of 
chemicals to the laboratory equipment could also account for small losses resulting in toxicity change.  
Conversion into compounds of lower toxicity than the parent compound would result in a decrease in 
sample toxicity over time.  The opposite would result in an increase in the sample toxicity over time.  
This concept relates directly to the environmental persistence of a compound.  Without the presence of a 
biological agent, catalyst or other added reactant, the only compounds that would produce a toxicity 
change would be those that undergo reactions due to light, temperature, or oxygen.   
Oxidative Pathway:  In the case of the electrochemical oxidation of phenol, members of the oxidative 
reaction pathway are known to undergo these types of reactions.  Specifically, BQ and HQ, a well-studied 
redox couple, have been shown to convert between each other and a number of other intermediate 
compounds depending on the system conditions [14, 24, 25].    
457 Greg L. Saylor et al. /  Procedia Environmental Sciences  18 ( 2013 )  451 – 463 
There is a lack of consensus on the degradation products of aqueous solutions of BQ.  According to the 
peer reviewed literature, it is believed that BQ degrades into HQ [14, 25], however, another product of the 
degradation is a colored compound also observed in this study that changes the solution from a color of 
yellow to brown or dark red.  One explanation other researchers have noted for this color change is 
polymerization of the quinone compounds [26-28].  Another common explanation of the color change is 
the formation of quinhydrone (QHD) [17, 24, 29-31].  Quinhydrone is a charge transfer complex that 
consists of a 1:1 mole ratio of BQ to HQ.  According to Slifkin [32] a charge transfer complex is a 
complex that has distinctive features of the compounds that comprise it, but still retains many of the 
properties of the constituents.  Charge transfer complexes are known for being highly colored, due to an 
excited state created when the complex absorbs light energy [32].  From this information and the 
observations in this study, it cannot be confirmed which postulated compound is responsible for the color 
change observed.   
Studies on degradation of HQ in aqueous solution have shown one major reaction, and that is 
autoxidation to BQ [14, 23, 24].  This autoxidation reaction has been shown to only occur in alkaline 
conditions, with a very slow rate of reaction around pH 7.3 [24].  It is unlikely, however, that HQ is being 
autoxidized in this experiment, since solution pH remains consistently in the acidic range of 4 to 6.  This 
hypothesis was confirmed by creating a solution of HQ at 0.9 mM (pH=5.4) and storing it in ambient 
laboratory conditions for a period of one week.  Over this time period, no color change was visually 
observable, the solution remained clear.  This observation strongly implies there was little to no BQ 
production, since HQ solution is clear, and BQ is a highly visible yellow color, even at concentrations as 
low as 0.092 mM. 
Chlorine Substitution Pathway:  Chlorinated phenols are known for their environmental persistence, 
and this persistence is an indication of their lack of degradability, especially in the conditions of this study.  
A review paper discussing organochlorine compounds, especially mono- and di- chlorophenols, 
concluded that biotransformation is the main mechanism for destruction of chlorophenols, and that other 
processes have a small effect on degradation [12].  Data from this research study supports the claim that 
other processes have a small effect for the conditions being considered here.  Further information about 
the environmental fate of chlorophenols can be found in the review paper by Krijgsheld and van der 
Gen[12]. 
3.3. Time Varying Toxicity of Individual Compounds 
While the information presented in Table 2 shows the acute toxicity of a solution directly after creation, 
Table 3 shows toxicity of a solution after aging.  
The data in Table 3 confirm the stability of the toxicity of the chlorophenol compounds in solution. 4-
CP and 2,4-DCP underwent no significant change in toxicity over the 18-day period of this study.  The 
small changes seen are smaller than the reported COV data from Table 2, implying any changes seen 
have no statistical significance.  
In contrast, some of the products of the oxidation pathway of phenol changed over time.  Phenol and 
catechol changed very little in toxicity over the 18-day study, but in the same time period, BQ 
dramatically decreased in toxicity - more than 99%.  The toxicity decrease in BQ is likely due to the two 
types of reactions discussed earlier: conversion of BQ to HQ (as observed in this study) and conversion to 
another colored compound (QHD or a polymeric product).  While the toxicity has not been determined 
for QHD, the measured toxicity of HQ is over 350 times less toxic than that of BQ.  The toxicity of BQ is 
such that it controls the toxicity of a solution that contains it.  Data presented in the next section will 
demonstrate the connection between BQ loss and toxicity loss. 
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Table 3. Time varying toxicity of individual compounds (*toxicity lower than detectable,
+compounds tested at 1, 5, and 13 days of age).
30 Min EC50 (TUmeas)
Percent Toxicity Change
From Initial
Compound
Initial Storage 
Conc, mM (mg/L) Day 1 Day 6 Day 18 Day 6 Day 18
1.06 (100) 6.98 6.60 5.93 -5.4 -15.0
-CP 0.031 (4) 6.10 6.43 5.96 5.4 -2.4
2,4-DCP 0.092 (15) 8.39 8.51 7.46 1.4 -11.0
BQ 0.092 (10) 325 25.0 2.05 -92.3 -99.4
BQ+ 0.925 (100) 3150 1160 439 -63.2 -86.1
BQ+ 0.092 (10) 303 22.9 2.09 -92.4 -99.3
BQ+ 0.009 (1) 28.7 ND* ND* ND* ND*
Catechol+ 0.908 (100) 3.93 6.20 6.90 57.7 75.5
3.4. Time Varying Toxicity versus Benzoquinone Storage Concentration
Since BQ exhibited the most dramatic behavior with respect to toxicity loss with time, another study 
regarding the impact of starting concentration was conducted.  The toxicity change in an aqueous solution
of BQ was tested using concentrations of 0.00925 mM (1 mg/L), 0.0925 mM (10 mg/L), and 0.925 mM 
(100 mg/L) BQ dissolved in water.  HPLC was used to quantify the concentration in the samples.  Time-
dependent concentration of the 0.925 mM (100 mg/L) sample is shown in Fig. 2.
Fig. 2. BQ concentration as a function of time.  Initial concentration stored was 0.925 mM (100 mg/L).  Sum represents the mM
sum of all measured compounds.
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From Fig. 2, it can be seen the BQ when stored in aqueous solution in the presence of light is 
converted mainly into HQ with a small amount of phenol also being formed.  Over the course of 13 days, 
the solution changed from yellow to brown, an indication that colored compounds were also being formed, 
despite the inability to quantify them using the HPLC method.  Also, at the age of 13 days, the summed 
molar concentration of the four measurable compounds was 65% of the initial.  There are two likely 
reasons for the loss, production of the colored compound (QHD or a polymeric product) and sorption of 
small amounts of the compounds onto the laboratory equipment. 
Table 3 shows the change in toxicity of BQ stored at three concentrations.  The rate at which toxicity is 
removed is concentration dependent.  The percent removal of toxicity is reduced at higher storage 
concentrations, but the actual number of toxicity units removed was much higher.  The following data 
show that the reduction in toxicity is dependent on the removal of BQ from solution.  Equation 3 was 
used with HPLC data from Figure 2 (0.925 mM storage concentration) to determine the sum of toxic units 
in the sample at 1, 5 and 13 days.  This sum was calculated to be 3423 TU at day 1, 1335 at day 5, and 
494 at day 13.  Given that this data is a sum, it is possible to determine the contribution of only BQ to this 
sum.  At day 1, BQ obviously makes up 100% of the sum, since it is the only compound present.  At day 
5 and 13, BQ makes up 99.77% and 99.19% of the total estimated toxicity, respectively.  This calculation 
supports the assertion that BQ dominates the toxicity of the sample, and conversion of BQ is the only way 
to reduce toxicity.  In addition, this hypothesis means that the conversion products of BQ, such as HQ, 
QHD, or a polymer have an extremely small impact on the overall toxicity of the sample, due to their 
relatively lower toxicity in comparison to BQ. 
 
3.5. Time Varying Toxicity of Complex Mixtures 
Fig. 3 shows similar trends to Fig. 2 with respect to conversion of BQ to HQ for an electrochemical 
reactor effluent produced on a graphite anode with sodium sulfate electrolyte.  Table 4 summarizes the 
time dependence of the toxicity in this effluent as well as in a matching synthetic effluent with the 
measured components at the measured concentrations.  It also includes data for binary mixtures of BQ 
with the other components. Binary mixtures were created to assess the effect of the individual effluent 
constituents on toxicity change when combined with BQ.  It can be seen from the data that the toxicity of 
the complex samples change in a way very similar to that of BQ alone.  HPLC analysis confirmed that 
BQ was converted into HQ and visual observation confirmed that a colored complex was formed in all 
cases.  Similarly to BQ alone in solution, the loss in toxicity is entirely dependent on the conversion of 
BQ into less toxic products such as HQ.  The degradation of electrochemical effluent 03 is a good 
example to illustrate this point.  As soon as the effluent was taken from the reactor on day 1 and 
quantified, it was determined using Equation 3 that there were a total of 480 TU present in the sample.  
BQ alone contributed 479 of those, or 99.8%.  On day 5 there were 128 TU remaining in the sample, and 
126 of those, or 98.4% were made up by BQ. 
The toxicity change in the complex samples is very important to the consideration of managing 
effluents from a treatment system.  It was shown that any effluent containing BQ, while extremely toxic 
initially, will lose much of its toxicity within two weeks. While this information does not definitively 
solve the problem of how to mana
discharged, and should consideration be given to the toxicity changes that can occur in an effluent before 
nvironment upon 
release, an effluent holding system could be a simple way to reduce the overall toxic impact on the 
environment.  The data in Table 3 also show that the toxicity of chlorine substitution products such as 4-
CP and 2,4-DCP does not change significantly when stored for comparable periods of time.  Therefore, 
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the identification of chemicals that are susceptible to the types of reactions that would occur in a storage
environment is important.  This information will allow for identification of what processes to target for 
effluent storage, or even how to operate a treatment system to favor products that exhibit rapid toxicity
loss.
Fig. 3. Toxicity of Electrochemical Effluent 03 as a function of time.  Sum represents the mM sum of all measured compounds. 
Error bars shown at day 13 represent the range of values for separate experiments run in parallel (Note: Error bars for BQ,
Phenol, and HQ are too small to be seen).
Table 4. Time varying toxicity of effluents and binary mixtures (see Table 1 for 
information about initial concentrations).
30 Min EC50 (TUmeas)
Percent Toxicity Change
From Initial
Mixture Day 1 Day 5 Day 13 Day 5 Day 13
Electrochemical Effluent 03 387 101 14.7 -74.0 -96.2
Synthetic Effluent - 03 448 95.4 6.89 -78.7 -98.5
BQ + Catechol 377 30.3 2.87 -92.0 -99.2
BQ + HQ 386 21.2 2.40 -94.5 -99.4
BQ + Phenol 361 69.0 4.54 -80.9 -98.7
3.6. Other Potential Products in the Electrochemical Effluent
More products have been reported to result from phenol electrochemistry than are considered in this
study.  Specifically, organic acids such as maleic, fumaric, and oxalic acid are formed later in the
degradation pathway due to ring cleavage [2-4, 6, 33, 34].  These compounds were not quantified with the
HPLC method used in this study. From this analysis it was hypothesized that only the compounds
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quantifiable in this study (intermediates with an intact phenol ring) significantly impacted the initial 
toxicity and toxicity change of a sample over time.  To determine if this hypothesis was true, three 
different synthetic effluents containing these quantifiable compounds were created to match 
electrochemical effluents produced under three different conditions. Their initial toxicities were compared, 
and the results of this comparison can be seen in Table 5.  Note that the specific effluent compositions can 
be found in Table 1.  
Table 5. Initial toxicity comparison of electrochemical effluents and matching synthetic solutions. 
Effluent Electrochemical Toxicity (TUmeas) 
Matching Synthetic 
Toxicity (TUmeas) 
Relative Percent 
Difference 
Electrochemical Effluent - 01 15.2 24.7 47.7 
Electrochemical Effluent - 02 532 499 6.38 
Electrochemical Effluent - 03 387 448 14.6 
 
For synthetic effluents 02 and 03, which are oxidative pathway effluents, the toxicities were very 
comparable, largely due to the dominance of BQ on the sample toxicity.  Synthetic effluent 01, which is a 
chlorine substitution pathway effluent, still shows comparable toxicity, however there is more difference 
than the case of the oxidative pathway effluent.  This difference is likely due to the chlorine substitution 
pathway effluent containing no one compound that dominates the toxicity like BQ.  With the lack of such 
a dominant compound, the influence of the individual compounds on effluent toxicity is more evenly 
spread, and the mixture is more sensitive to the potential impact of unidentified compounds.  Beside 
initial toxicity, it is important to know how the toxicity of synthetic and electrochemical effluents 
compare over time.  This information can be found in Table 4 for a comparison of electrochemical 
effluent 03 and synthetic effluent 03.  Again, the effluents are very similar, even after 13 days.  The 
electrochemical effluent shows slightly less degradation, likely due to the other unquantifiable 
 
4. Conclusion 
It has been shown that BQ is the main factor in the samples considered in this experiment with respect 
to change in toxicity over time.  From the perspective of operation of an electrochemical reactor, it may 
be desirable to favor the production of BQ over that of chlorinated phenols, because they were shown to 
exhibit little to no toxicity change over time.  These data also show that initial toxicity information can be 
misleading.  While effluents containing chlorinated phenols are less toxic than those containing BQ, they 
may be less desirable in the long run.  Thus, it is critical to understand toxicity change over time in 
effluents in addition to understanding toxicity initially after production when choosing reactor operating 
conditions. 
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